Introduction {#sec1}
============

Approximately one in six global deaths is due to cancer, with the economic cost estimated at US\$1.2 trillion in 2010 ([@ref80]). Cancer is the second leading cause of death ([@ref1]) and it was estimated that human papillomavirus (HPV)-related cancers account for 5% of all human cancers ([@ref23]). Cervical cancer is the fourth most common cancer in women globally and results in an estimated 567,000 cases and 311,000 deaths every year ([@ref7]). About 80% of these cases occur in developing countries, largely due to limited healthcare resources. Most HPV infections are cleared by the immune system ([@ref30]; [@ref64]); however, some benign cervical lesions progress to invasive cervical cancer (ICC) caused predominantly by high-risk HPVs ([@ref82]). High-risk HPV-16 and HPV-18 are the most common cause of ICC and are associated with 70% of cervical cancer cases ([@ref74]; [@ref24]), but at least 13 other high-risk HPVs cause cancer ([@ref82]; [@ref56]).

HPVs are small non-enveloped double-stranded DNA viruses with a genome size of approximately 8 kb ([@ref25]) and infect mucosal and cutaneous basal epithelial cells after tissue microtrauma ([@ref39]). The capsid is arranged in a *T* = 7 icosahedral formation and consists of major and minor capsid proteins, L1 and L2, respectively ([@ref21]). The major capsid protein consists of 360 copies of L1 that assembles into 72 pentamers and up to 72 copies of L2 can be integrated into each capsid ([@ref10], [@ref9]). L1 assembles into virus-like particles (VLPs) in the presence or absence of the L2 minor capsid protein. VLPs retain the immunological properties of native papillomaviruses ([@ref40]; [@ref31]; [@ref13]) and produce high titers of neutralizing antibodies (nAbs) when used as a vaccine ([@ref20]; [@ref63]).

Three prophylactic vaccines: Cervarix™, a bivalent HPV-16/18 VLP vaccine; Gardasil^®^, a quadrivalent HPV-6/11/16/18 VLP vaccine; and Gardasil^®^9, a nonavalent HPV-6/11/16/18/31/33/45/52/58 VLP vaccine, based on the immunodominant L1 major capsid protein are currently on the market and have been shown to be effective in preventing cervical disease ([@ref55]; [@ref34]); however, the global burden of cervical cancer remains high, particularly in low-resource countries due to vaccine cost, type specificity of the vaccines, and poor screening and treatment programs. Although the most recent Gardasil^®^9 vaccine should address the low cross-neutralization observed with original vaccines, the addition of more L1 VLP types has not decreased the cost of current vaccines. Hence, there is a need for next-generation HPV vaccines that broadly target oncogenic HPV types, at reduced cost to women particularly in developing countries suffering most from cervical cancer ([@ref62]) and penile cancer in men ([@ref11]).

Next-generation vaccines using L2 peptides have been investigated to generate more cross-protective responses ([@ref70]). Anti-L2 antibodies can neutralize a broad range of mucosal and cutaneous HPVs ([@ref57]; [@ref2]), suggesting that a L2 vaccine could address the type-restrictive efficacy of L1 vaccines. The N-terminus of HPV-16 L2 has a highly conserved region from amino acids (aa) 1-120 ([@ref47]), and L2 peptides 108-120 ([@ref37]), 65-81 ([@ref35]), 56-81 ([@ref36]; [@ref42], [@ref43]; [@ref72]), and 17-36 ([@ref29]; [@ref42], [@ref43]; [@ref2]; [@ref69]) have been shown to elicit nAbs that cross-neutralize other HPV types and provide protection against passive challenge. However, L2 is immunologically subdominant to L1, therefore scaffolded display of L2 peptides and the construction of chimeric proteins with L1 has been used to overcome these limitations. The structure and assembly of L1 has been well described ([@ref15]; [@ref53]; [@ref4]) and L1 surface-exposed regions contain the conformational epitopes involved in the production of nAbs ([@ref20], [@ref19]; [@ref61]; [@ref79]). Several studies have shown that the insertion or substitution of several peptides into several L1 surface loops does not affect chimeric VLP (cVLP) assembly, with both anti-L1 and anti-L2 responses observed ([@ref73], [@ref72]; [@ref66]; [@ref75]; [@ref69], [@ref68]; [@ref51]; [@ref59]; [@ref17]). The insertion of the HPV-16 L2 peptide aa 17-36 (RG-1) in the L1 DE surface loop has shown the most promise as a candidate cVLP vaccine as it has been shown to protect mice against challenge with high-risk mucosal pseudovirion (PsV) types HPV-16/18/45/31/33/52/58/35/39/51/59/68/56/73/26/53/66/34 and low-risk types HPV-6/43/44, with protection observed 1 year after vaccination ([@ref68]). This candidate vaccine is currently under cGMP production and is expected to enter a phase I clinical trial soon ([@ref8]; [@ref62]).

Plants provide a convenient protein production platform to potentially reduce the cost of vaccine production compared to traditional microbial fermentation or mammalian/insect cell expression systems. Their production is easily scalable, they are eukaryotes that contain the necessary machinery for mammal-like post-translational modification, and they have no risk of contamination by human pathogens ([@ref3]; [@ref27]; [@ref65]). HPV VLPs have been successfully produced in plants *via* transient expression ([@ref77]; [@ref48]; [@ref60]; [@ref49]; [@ref59]), and have been shown to be immunogenic and protective in animal models ([@ref41]). Furthermore, L1:L2 cVLPs (L2 substituted in the h4 helix of L1) previously produced in our group by [@ref59] were shown to assemble into higher order structures, and elicit anti-L1 and anti-L2 antibody responses which neutralized HPV-16 and HPV-52 PsVs.

In this study, we report the purification of five plant-produced HPV-16 L1:L2 cVLPs with L2 substituted in the DE loop (SAC) or the C-terminal region of L1 between the h4 and β-J structural region (SAE), based on insect-cell produced chimeras described by [@ref75]. The effect of L2 peptide substitution on chimera assembly and presentation of L1 epitopes was analyzed, and the immunogenicity and the cross-neutralizing potential of the cVLPs investigated.

Materials and Methods {#sec2}
=====================

Large-Scale Expression of L1:L2 Chimeras in *Nicotiana benthamiana* {#sec3}
-------------------------------------------------------------------

The binary *Agrobacterium* vector pTRAkc-rbsc1-cTP was used to clone eight L1:L2 chimeric genes ([Figure 1](#fig1){ref-type="fig"}). Recombinant clones were transformed into *Agrobacterium tumefaciens* as described by [@ref48]. Successful transformation was confirmed by colony PCR, restriction enzyme digestion and sequencing. Starter cultures of recombinant *A. tumefaciens* pTRAkc-rbsc1-cTP SAC 108-120, SAC 65-81, SAC 56-81, SAC 17-36, SAE 65-81, hL1 (HPV-16 L1), and an empty vector (negative control) were grown at 28°C overnight in enriched Luria-Bertani broth (LBB) supplemented with 50 mg/ml carbenicillin, 30 mg/ml kanamycin, 50 mg/ml rifampicin, and 20 μM acetosyringone. The starter cultures were transferred to a bigger flask (without rifampicin) and incubated overnight. The cultures were prepared for infiltration by dilution to OD~600~ 0.5 in infiltration medium (10 mM MES, pH 5.6, 10 mM MgCl~2~, 100 μM acetosyringone). *N. benthamiana* plants (5--6 weeks old) were infiltrated with recombinant *Agrobacterium* suspensions by applying a vacuum (100 kPa) and grown for 5 days at 22°C under 16 h/8 h light/dark cycle.

![Schematic of HPV-16 L1:L2 chimera construction. HPV-16 L2 aa regions 108-120, 65-81, 56-81, and 17-36 were substituted into HPV-16 L1 at aa positions 131 in the DE loop (SAC) or 431 between the h4 and β-J structural region (SAE), to generate L1:L2 chimeras. Not drawn to scale.](fpls-10-00779-g001){#fig1}

Purification of Vaccine Antigens {#sec4}
--------------------------------

Whole leaves were harvested and thoroughly homogenized with a Waring-type blender in cold high-salt, low-pH extraction buffer at a w/v ratio of 1:1, supplemented with 1x Complete Mini EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland). Homogenates were incubated at 4°C with shaking for 1.5 h, filtered through four layers of Miracloth™ (Merck, Darmstadt, Germany), and clarified 2x at 10000 x *g* for 10 min at 4°C. The clarified extract was loaded onto discontinuous Optiprep^™^ (Sigma Aldrich, St Louis, MO) gradients (27, 33, 39 and 46%) and centrifuged for 3.5 h at 174500 x *g*, 15°C, in a SW 32 Ti rotor (Beckman, Brea, CA), after which 1-ml fractions were collected from the bottom of the tubes. Fractions 1--4 were pooled, added to a 5-ml ultracentrifuge tube (Ultra-Clear Thinwall TUBE, Beckman, Brea, CA) and centrifuged for 1 h at 183548 x *g* at 15°C, in a SW 55 Ti rotor (Beckman, Brea, CA). The opaque band visible after centrifugation was collected using a needle and syringe and quantified by indirect enzyme-linked immunosorbent assay (ELISA). Total L1 protein yields of the vaccine antigens was detected using Camvir-1 mAb ([@ref52]): SAC 108-120 (145 mg/kg), SAC 65-81 (7.8 mg/kg), SAC 56-81 (43 mg/kg), SAC 17-36 (29 mg/kg), SAE 65-81 (1.2 mg/kg), and hL1 (142 mg/kg).

Transmission Electron Microscopy of Purified Chimeric Virus-Like Particles {#sec5}
--------------------------------------------------------------------------

Carbon-coated copper grids (mesh size 200) were placed on a 20-μl drop of sample for 3 min and washed 5x in double distilled water. The samples were negatively stained for 1 min with 2% w/v uranyl acetate and viewed using a FEI Tecnai 20 equipped with a LaB6 emitter.

Quantitation of Purified Chimeric Virus-Like Particles by Indirect Enzyme-Linked Immunosorbent Assay {#sec6}
----------------------------------------------------------------------------------------------------

The five L1:L2 chimeras and hL1 positive control were quantified by indirect ELISA. Ninety-six well plates (Nunc Maxisorp, ThermoFisher Scientific, Waltham, MA) were coated with: (a) 80 ng of purified HPV-16 L1 VLPs (100 μl/well) serially diluted 2-fold in coating buffer (10 mM Tris, pH 8.5) to generate a standard curve or (b) 100 μl of vaccine antigen serially diluted 2-fold from 1:50 to 1:400 in coating buffer, and incubated overnight at 4°C with gentle shaking. Plates were blocked with 300 μl of blocking buffer (1x Tris-Cl (TBS), pH 7.5, 5% non-fat dried milk) for 2 h at room temperature after which they were washed 4x with 1x TST (1x TBS, 0.05% Tween 20) wash buffer. A volume of 100 μl of Camvir-1 (1:15000) primary antibody was added to each well and the plates incubated at 37°C for 1 h. The plates were washed 4x with 1x TST, followed by the addition of 100 μl of alkaline phosphatase-conjugated anti-mouse IgG secondary antibody (1:10000) (Sigma Aldrich, St Louis, MO) to each well and incubated at 37°C for 1 h. For the final washes, plates were washed with 1x TBS (pH 9) after which 200 μl of SIGMAFAST^™^ p-nitrophenyl phosphate (Sigma Aldrich, St Louis, MO) substrate was added to each well and incubated in the dark for 30 min. The absorbance was detected at 405 nm using a Bio-Tek Powerwave XS spectrophotometer. Total L1 yield of each vaccine antigen was calculated using the average absorbance values obtained and the equation of the chart generated from the standard curve. The negative control was quantified by total soluble protein (TSP) using the Bio-Rad DC Protein Assay (Bio-Rad, Irvine, CA).

Characterization of Chimeric Virus-Like Particle Epitope Display by Indirect Enzyme-Linked Immunosorbent Assay {#sec7}
--------------------------------------------------------------------------------------------------------------

One hundred nanograms (SAC 108-120, SAC 65-81, SAC 17-36 and hL1) or 50 ng (SAC and SAE 65-81) of native cVLPs or hL1 VLPs prepared in 100 μl of coating buffer were coated onto 96-well plates (Nunc Maxisorp, ThermoFisher Scientific, Waltham, MA) and incubated overnight at 4°C with gentle shaking. For denaturing conditions, cVLPs or hL1 VLPs were dried onto the 96-well plates without a lid in 0.2 M NaHCO~3~ (pH 10.6) + 0.01 M freshly added dithiothreitol (DTT) buffer overnight at 37°C. The next day, plates were blocked with 300 μl blocking buffer for 2 h at room temperature, followed by 4x washes with 1x TST wash buffer. Five-fold serial dilutions of antibodies (1:200--1:125000) in blocking buffer were added to the wells in triplicate (100 μl/well) and incubated at 37°C for 1 h. Antibodies used were neutralizing monoclonal antibodies (mAbs) H16:V5, H16.E70, H16.U4, H16.9A, H16.J4 ([@ref19]), and L2 4B4 \[gift from Dr. Neil Christensen (Dept Pathology, Penn State, PA)\], linear non-neutralizing commercial mAb Camvir-1, or rabbit serum raised against HPV-16 L2. Plates were then washed again and 100 μl of alkaline phosphatase-conjugated goat anti-mouse (1:10000) or goat anti-rabbit (1:5000) secondary antibody added, and incubated at 37°C for 1 h. Final washes and detection were performed as described above.

Immunization of Mice {#sec8}
--------------------

Animal use and care was approved by the Faculty of Health Sciences Animal Ethics Committee, University of Cape Town (FHS AEC ref.: 014/024). Forty female Balb/c mice (five mice per group) were immunized subcutaneously by injection in the left or right flank with the five plant-derived candidate cVLP vaccines: SAC 108-120, 65-81, 56-81, 17-36, and SAE 65-81, hL1 (positive HPV-16 L1 VLP control), and two negative controls (plant extract from *A. tumefaciens*-infected plants containing empty vector and PBS) ([Table 1](#tab1){ref-type="table"}). Pre-bleed (PB) sera were collected 3 days prior to vaccination on Day 0. Mice were immunized on Day 0 and boosted with the same doses on Day 14 and Day 28, and a test bleed collected on Day 42 to ascertain if an additional boost was required. An additional boost was administered on Day 45 and final bleed (FB) sera were collected by cardiac puncture on Day 59.

###### 

Vaccine group information for immunization study.

  Vaccine group   Vaccine construct   Protein content            Mice per group   Antigen dose (μg)
  --------------- ------------------- -------------------------- ---------------- -------------------
  G1              SAC 108-120         HPV-16 L1:L2 SAC 108-120   5                5
  G2              SAC 65-81           HPV-16 L1:L2 SAC 65-81     5                0.8
  G3              SAC 56-81           HPV-16 L1:L2 SAC 56-81     5                4.5
  G4              SAC 17-36           HPV-16 L1:L2 SAC 17-36     5                2.85
  G5              SAE 65-81           HPV-16 L1:L2 SAE 65-81     5                0.26
  G6              hL1                 HPV-16 L1                  5                5
  G7              Empty vector        ---                        5                n/a
  G8              PBS                 ---                        5                n/a

Indirect Enzyme-Linked Immunosorbent Assay Detection of Anti-L1 Antibodies in Mouse Sera {#sec9}
----------------------------------------------------------------------------------------

Ninety-six-well Maxisorp plates were coated with 100 ng of purified HPV-16 L1 protein per well and incubated overnight at 4°C. Indirect ELISAs were performed as described above. FB sera were serially diluted 3-fold from 1:50 to 1:1350. All anti-L1 titers are stated as the reciprocal of the maximum dilution with higher absorbance readings than the corresponding PB serum at 1:50.

Western Blot Detection of Anti-L2 Antibodies in Mouse Sera {#sec10}
----------------------------------------------------------

HPV-16 L2 was expressed in *Escherichia coli* DH5-α using pProEx^™^-HTb (ThermoFisher Scientific, Waltham, MA). The recombinant *E. coli* culture was inoculated in 10 ml of LB, supplemented with 100 μg/ml ampicillin and incubated for 16 h at 37°C with agitation, after which it was used to inoculate 500 ml of LB medium. The culture was incubated with agitation at 37°C until it reached an A~590~ of 0.5--1.0 and induced by the addition of 0.6 mM isopropylthio-β-D-galactoside (IPTG) and the culture incubated at 37°C for 2 h. The cells were harvested by centrifugation at 10000 x *g* for 10 min. Inclusion bodies were purified from the *E. coli* cell pellet using Bugbuster® (Novagen, USA) according to the manufacturer's instructions. Ten microliters were loaded into the wells of 10% SDS-PAGE gels, transferred to nitrocellulose membrane by semi-dry electroblotting, and strips probed with pooled sera from each vaccine group at 1:2000. Mouse anti-His mAb (Bio-Rad, Irvine, CA) was used as positive control antibody at 1:2000. Strips were then probed with alkaline phosphatase-conjugated anti-mouse IgG secondary antibody (1:10000).

Standard L1 Pseudovirion-Based Neutralization Assay {#sec11}
---------------------------------------------------

HPV PsV production, purification, and neutralization were performed as described by [@ref10] and with a few changes as described by [@ref59]. PsVs of eight different HPV types: HPV-6, 11, 16, 18, 31, 45, 52, and 58, were produced. Sera that neutralized PsVs by at least 50% were then further titrated to determine end-point titers. Neutralization titers are stated as the reciprocal of the maximum serum dilution which reduced secreted alkaline phosphatase (SEAP) activity by \>50% in comparison to the PsV only control sample, which was not treated with serum/mAb.

Results {#sec12}
=======

Chimeric Virus-Like Particle Purification by Isopycnic Centrifugation {#sec13}
---------------------------------------------------------------------

HPV-16 L2 peptides, 108-120, 65-81, 56-81, and 17-36 were substituted into HPV-16 L1 DE loop from position 131 to generate four SAC chimeras or into the C-terminal between the h4 and β-J structural region from position 431 to generate four SAE chimeras ([Figure 1](#fig1){ref-type="fig"}). Only chimeras that were shown to form higher order structures were selected for further study, namely: SAC 108-120, SAC 65-81, SAC 56-81, SAC 17-36, and SAE 65-81. HPV-16 L1:L2 cVLPs, HPV-16 hL1 VLPs, and an empty vector control were extracted and purified in a high-salt, low-pH buffer on discontinuous Optiprep™ density gradients. Purified cVLPs were visualized by TEM to determine their structural integrity prior to vaccination ([Figure 2](#fig2){ref-type="fig"}). Chimeras of SAC 108-120, SAC 65-81, SAC 56-81, and SAC 17-36 ([Figures 2A](#fig2){ref-type="fig"}--[D](#fig2){ref-type="fig"}, respectively) showed cVLPs that ranged in size from 50 to 60 nm (white arrows), small cVLPs (25--40 nm, blue arrows), and capsomeres (10 nm, grey arrows), with SAC 108-120 cVLPs ([Figure 2A](#fig2){ref-type="fig"}) being the most similar to purified HPV16-hL1 VLPs ([Figure 2F](#fig2){ref-type="fig"}). SAE 65-81 ([Figure 2E](#fig2){ref-type="fig"}) showed few cVLPs with mostly aggregates present. HPV-16 hL1 ([Figure 2F](#fig2){ref-type="fig"}) assembled into particles measuring 50--60 nm in size, with a few small VLPs present. cVLPs were comparable to other chimeras and VLPs purified previously in our group by density centrifugation ([@ref75]; [@ref48]), heparin chromatography ([@ref59]), and cation exchange chromatography ([@ref51]).

![Transmission electron micrographs of purified cVLPs. Purification of cVLPs in a high-salt, low-pH buffer, followed by ultracentrifugation on a discontinuous Optiprep™ gradient. **(A)** SAC 108-120, **(B)** SAC 65-81, **(C)** SAC 56-81, **(D)** SAC 17-36, **(E)** SAE 65-81, and **(F)** HPV-16 hL1. Labels: white arrows, cVLPs 50--60 nm; blue arrows, small cVLPs 25--40 nm; grey arrows, capsomeres \~10 nm. Scale bar indicated at the bottom left of each image.](fpls-10-00779-g002){#fig2}

L1 and L2 Epitope Display on the Chimeric Virus-Like Particle Scaffold {#sec14}
----------------------------------------------------------------------

The antigenicity of cVLPs and their ability to present the substituted L2 peptides were analyzed by indirect ELISA using a panel of mAbs and anti-L2 polyclonal serum. Under native conditions ([Figure 3](#fig3){ref-type="fig"}), conformationally dependent neutralizing mAbs H16.V5 and H16.E70 did not bind the L1:L2 cVLPs ([Figures 3A](#fig3){ref-type="fig"},[B](#fig3){ref-type="fig"}), indicating the disruption or steric hindrance of the V5 and E70 neutralizing epitopes by substitution of the L2 peptides. The anti-L2 polyclonal serum reacted with all cVLPs in native form, indicating the L2 peptides were displayed on the virion surface, with strongest binding observed for SAC 108-120 ([Figure 3D](#fig3){ref-type="fig"}). Additionally, binding of the mAb L2-4B4, which recognizes the L2 peptide 108-120 ([Figure 3H](#fig3){ref-type="fig"}), showed strong binding to SAC 108-120 cVLPs. Under denaturing conditions, binding by anti-L2 polyclonal sera and L2-4B4 mAb was slightly diminished ([Supplementary Figures S1D](#SM1){ref-type="supplementary-material"},[H](#SM1){ref-type="supplementary-material"}). Binding was also seen for the non-neutralizing mAb Camvir-1, that recognizes a linear epitope L1 aa 204-210 ([Figure 3C](#fig3){ref-type="fig"}). As expected, native hL1 VLPs were bound by H16.V5 and H16.E70 ([Figures 3A](#fig3){ref-type="fig"},[B](#fig3){ref-type="fig"}), but binding was diminished under denaturing conditions ([Supplementary Figures S1A](#SM1){ref-type="supplementary-material"},[B](#SM1){ref-type="supplementary-material"}).

![Characterization of cVLP epitope display by indirect ELISA. Binding of monoclonal and polyclonal antibodies to HPV-16 L1:L2 cVLPs and HPV-16 L1 VLPs under native conditions were analyzed in triplicate using conformational neutralizing mAbs H16.V5 **(A)**, H16.E70 **(B)**, H16.U4 **(E)**, H16.9A **(F)**, linear neutralizing mAb H16.J4 **(G)**, non-neutralizing mAb Camvir-1 **(C)**, mAb to L2 peptide 108-120 (L2-4B4) **(H)**, and polyclonal anti-L2 serum **(D)**. Error bars indicate standard deviation.](fpls-10-00779-g003){#fig3}

To further characterize if other L1 neutralizing epitopes were displayed on the cVLPs, an additional panel of mAbs were tested. Neutralizing mAbs H16.9A (conformation specific) and H16.J4 (binds linear epitope between aa 261 and 280) bound to all native SAC cVLPs ([Figures 3F](#fig3){ref-type="fig"},[G](#fig3){ref-type="fig"}), with the highest affinity for SAC 108-120. H16.U4 however showed decreased binding for SAC 108-120, SAC 56-81, and SAC 17-36 cVLPs ([Figure 3E](#fig3){ref-type="fig"}). No binding of these mAbs to native SAE 65-81 cVLPs ([Figures 3E](#fig3){ref-type="fig"}--[G](#fig3){ref-type="fig"}) was observed, and this may be due to the poor assembly of cVLPs as observed by TEM ([Figure 2E](#fig2){ref-type="fig"}) and/or disruption or steric hindrance as mentioned above. Under denaturing conditions, mAb H16.U4 and H16.9A showed no binding to all cVLPs or hL1 VLPs ([Supplementary Figures 1E](#SM1){ref-type="supplementary-material"},[F](#SM1){ref-type="supplementary-material"}, respectively). Only Camvir-1 and H16.J4 mAbs showed binding affinity for denatured cVLPs ([Supplementary Figures S1C,G](#SM1){ref-type="supplementary-material"}, respectively).

Determination of Anti-L1 Titers {#sec15}
-------------------------------

Mice were subcutaneously injected with plant-purified antigens and boosted three times at 2-week intervals. Due to the yields obtained from cVLP purification, it was not possible to vaccinate mice with the desired dose of 5 μg; therefore, with the exception of SAC 108-120 and hL1 VLPs, all other chimeras were used at the maximum dose possible ([Table 1](#tab1){ref-type="table"}). It has previously been shown that vaccine doses of 8 ng and 1 μg elicited high anti-HPV-16 L1 IgG titers and nAbs ([@ref38]). Sera from individual mice were pooled and anti-L1 antibody titers determined by indirect ELISAs ([Figure 4A](#fig4){ref-type="fig"}). No anti-L1 response was detected for PB sera of all groups or for the FB of PBS negative control sera. A titer of 50 was observed for empty vector FB serum, which may be due to co-purification of plant proteins. SAC 108-120 and SAC 17-36 had anti-L1 titers of 1,350, with sera of SAC 65-81 and SAC 56-81 with titers of 150. The lowest titer of 50 was observed for SAE 65-81, similar to the titer of the empty vector. The highest anti-L1 titers of 6,400 were obtained for positive control hL1 sera ([Figure 4B](#fig4){ref-type="fig"}).

![Anti-L1 titers of cVLP **(A)** and hL1 **(B)** antisera. Plates were coated with purified L1 antigen and a titration of final bleed antisera performed to determine end-point titers. Serum titers are reported for OD values greater than the mean OD of pre-bleed sera. Error bars indicate standard deviation.](fpls-10-00779-g004){#fig4}

Anti-L2 Humoral Responses {#sec16}
-------------------------

PB and FB sera for all individual mice in the different vaccine groups were pooled and analyzed for the presence of anti-L2 antibodies by western blot using *E. coli-*purified L2 as antigen ([Supplementary Figure S2](#SM2){ref-type="supplementary-material"}). Of the chimera vaccine groups, an expected band of \~80 kDa (black arrow) was detected only for SAC 108-120 FB serum and a very faint band for SAC 17-36 serum. These bands were similar in size to that of the L2 positive control. No bands were observed for the negative controls (empty vector, PBS and hL1) ([Supplementary Figure S2](#SM2){ref-type="supplementary-material"}).

L1 Pseudovirion-Based Neutralization Assay {#sec17}
------------------------------------------

Purified PsVs of HPV types 6/11/16/18/31/45/52 and 58 were used in L1-PBNAs to test the ability of sera obtained from vaccinated mice to neutralize PsVs. These HPV types were chosen based on the HPVs the L2 epitopes are known to cross-neutralize. Pooled mouse sera were initially tested for neutralization at dilutions of 1:50 and 1:200 prior to titration (data not shown), and only sera that showed at least 50% neutralization of PsVs were titrated further. PB sera were only tested at a 1:50 dilution due to limited blood volume, and no neutralization was observed with PB sera ([Table 2](#tab2){ref-type="table"}). The neutralization titers for all sera tested ([Table 2](#tab2){ref-type="table"}) were low, except for hL1 neutralization of HPV-16 PsVs, with a titer ≥6,400. This was expected as no structural modifications were made to L1 VLPs in comparison to the chimeras tested. SAE 65-81 serum neutralized HPV-11 PsVs at a titer of 50. HPV-18 PsVs were neutralized with sera from SAC 108-120, SAC 65-81, and SAC 56-81 at titers of 200, and with SAE 65-81 serum at a titer of 50. HPV-58 PsVs had a neutralization titer of 50 for SAC 65-81 sera.

###### 

Summary of *in vitro* PsV neutralization titers in L1 PBNA.

  Neutralization titers                                            
  ----------------------- ---- ----- ---- -------- ---- ----- ---- ----
                          PB   FB    PB   FB       PB   FB    PB   FB
  SAC 108-120             NN   NN    NN   NN       NN   200   NN   NN
  SAC 65-81               NN   NN    NN   NN       NN   200   NN   50
  SAC 56-81               NN   NN    NN   NN       NN   200   NN   NN
  SAC 17-36               NN   NN    NN   NN       NN   NN    NN   NN
  SAE 65-81               NN   100   NN   50       NN   50    NN   NN
  hL1                     NN   NN    NN   ≥6,400   NN   NN    NN   NN
  Empty vector            NN   NN    NN   NN       NN   NN    NN   NN
  PBS                     NN   NN    NN   NN       NN   NN    NN   NN

*Assays were performed in duplicate due to limited blood volume*.

*NN -- No neutralization*.

Discussion {#sec18}
==========

L1 VLPs have successfully been expressed and purified from plants ([@ref3]; [@ref48]; [@ref26]). L1:L2 chimeras ranging in size from 50 to 60 nm have successfully been produced in insect cells and purified by ultracentrifugation on sucrose-PBS and CsCl-PBS density gradients ([@ref75]; [@ref69], [@ref68]; [@ref32], [@ref33]). In this study of plant-produced cVLPs, differences in cVLP assembly were observed ([Figure 2](#fig2){ref-type="fig"}). These differences may be attributed to the length and amino acid sequence of the L2 peptide used. Cys residues 175 and 428 have been shown to be critical for the formation of disulfide bonds between capsomeres for the formation of VLPs and mutations of these residues prevents the formation of VLPs ([@ref45]; [@ref50]; [@ref67]; [@ref28]; [@ref76]). Although Cys^175^ and Cys^428^ are not lost due to L2 peptide substitution, the rate of formation of disulfide bonds between neighboring L1 capsomeres may have been decreased due to a slow kinetic thio-disulfide interchange rate ([@ref54]). Of the four L2 peptide substitutions made, L2 108-120 is the shortest epitope, suggesting that longer epitopes may be detrimental to complete particle assembly and thus epitope display, no matter where they are substituted. This was also observed by [@ref59] and [@ref51] who investigated the production of cVLPs in plant and insect cell systems, respectively. In these studies, L2 peptides were substituted in the h4 helix from position 414 in the C-terminal region and although L2 108-120 substitution did not eliminate the Cys^428^ residue involved in disulfide cross-linking with Cys^175^, substitution of L2 56-81 and 17-36 did, resulting in the formation of capsomeres and aggregates. In contrast, [@ref49] produced plant-made HPV-16 L1 chimeras containing influenza virus type A M2e epitopes in the h4 helix and between the h4 and β-J region, and found that a longer epitope (23 residues) was better than a shorter epitope (eight residues) in the display of the M2e epitope. Additionally, the amino acid sequence composition can affect interaction with other residues (due to charge and size) and therefore folding. Specifically, the addition of two Cys residues in the L2 epitope 17-36 may form disulfide bonds with Cys^175^ or Cys^428^ in the L1 backbone, accounting for the particles observed in [Figure 2](#fig2){ref-type="fig"}. These data suggest that protein modeling of the interactions of substituted epitopes of varying length and sequence with L1 residues requires further investigation.

VLPs have been shown to be strongly immunogenic due to the repetitive display of epitopes on their surfaces, their interaction with antigen-presenting cells (APCs), and their activation of B cells ([@ref14]; [@ref71]). Several L2 aa epitopes have been inserted by others into L1 loops for the generation of cVLPs. Insertion of L2 aa 17-36, 28-31, 35-75, 69-81, 108-120, and 115-15 into BPV-1 L1 DE loop at position 133/134, elicited anti-L1 and anti-L2 responses in mice ([@ref72]; [@ref69]). Additionally, substitution (from position 131) of L2 aa 108-120 into the HPV-16 DE loop of insect-cell produced chimeras ([@ref75]), or L2 aa 108-120, 56-81, and 17-36 in the h4 helix (from position 414) of plant-produced ([@ref59]) or insect cell-produced ([@ref51]) chimeras, also elicited anti-L1 and anti-L2 responses in mice. The ability of antibodies obtained from sera to neutralize PsVs was investigated in PBNAs. Neutralization of homologous HPV-16 PsVs was only observed with antisera of SAE 65-81 at a titer of 50 and hL1 VLPs at titer ≥6,400 ([Table 2](#tab2){ref-type="table"}). The titer observed for hL1 was similar to nAb titers obtained in other studies testing plant-produced chimeras or VLPs: 500--5,000 ([@ref59]); 6,400 ([@ref48]); 400 ([@ref58]). The low titer obtained by SAE 65--81, in addition to the low vaccination dose, may be due to partially formed cVLPs ([Figure 2E](#fig2){ref-type="fig"}) and the presentation of L2 on the capsid. Position 431 is located in the C-terminal arm of L1 and is not directly involved in the correct folding of VLPs, but it is close to the h4 helix region where residues 414--426 play a role in VLP assembly ([@ref75]; [@ref4]). Steric hindrance due to the substitution of residues with different charges may therefore affect correct folding. No detectable nAbs to HPV-16 were elicited by SAC 108-120, SAC 65-81, SAC 56-81, and SAC 17-36 despite forming cVLPs, suggesting that antigen bound by sera in indirect ELISA and L2 western blots ([Figure 4](#fig4){ref-type="fig"}, [Supplementary Figure S2](#SM2){ref-type="supplementary-material"}) were detected by non-neutralizing antibodies. Cross-neutralization of heterologous HPV PsV types was observed with neutralization of HPV-18 by SAC 108-120, SAC 65-81, SAC 56-81, and SAE 65-81 antisera. HPV-58 was cross-neutralized by SAC 108-120, and HPV-11 by SAE 65-81 antisera. All neutralizing titers observed were between 50 and 200 ([Table 2](#tab2){ref-type="table"}). Unexpectedly, SAC 17-36 did not show any cross-neutralization despite this epitope being shown by [@ref68] to elicit robust anti-L2 antibodies and cross-neutralize up to 16 high-risk HPVs. Moreover, in L2-specific PBNAs (performed as described by [@ref22]), no nAb titers were observed for all antisera tested. L2 PBNAs previously performed by our group with sera from plant-produced HPV-16 L1:L2 chimeras (L2 substituted in the h4 helix ([@ref59])) showed low cross-neutralization, with nAb titers of 50 for HPV-11 (L1:L2 56-81) and − 18 (L1:L2 17-36), but no neutralization to homologous HPV-16 PsVs (unpublished data). Surprisingly, no L2 nAb titers were detected for L1:L2 108-120, even though it was found to be the best candidate vaccine as it elicited nAbs to HPV-16 and HPV-52 in L1 PBNAs ([@ref59]). These same chimeras produced in insect cells ([@ref51]) elicited sera that showed neutralization of HPV-16/18/31/52 in L2 PBNAs (unpublished data), suggesting that plant-produced chimeras may not assemble as efficiently and thus not display L2 epitopes as well. It is possible this may be the case as it has been suggested that VLP assembly is sensitive to cell type ([@ref46]). Overall, these data show that presentation of L2 epitopes on the plant-made L1 chimera surface was not sufficient to produce potent anti-L2 nAbs that are protective against multiple oncogenic HPV types in neutralization assays.

There are several possible explanations for why the anti-L1 responses and L1 and L2 nAb titers were lower or not observed than has previously been reported. The display of L2 epitopes in L1 loops should preserve the L1 epitopes critical for binding by mAbs. The mAb H16.V5 binding site is a major immunodominant epitope used for the assessment of integrity and antigenicity of VLPs. It has been shown to block the binding of \>70% human sera ([@ref61]; [@ref78]) and recognizes aa 266-297 in the FG loop and aa 339-365 in the HI loop ([@ref18]). mAbs H16:V5 and H16:E70 have been extensively mapped and residues Phe^50^, Ala^266^, and Ser^282^ of L1 are vital for binding and the generation of potent nAbs ([@ref79]). The residues of the DE loop (aa 110-149) are not predicted to have any impact on Phe^50^, Ala^266^, and Ser^282^ residues suggesting that substitution of L2 epitopes in this region should not affect H16:V5 epitope display. However, [@ref44] have recently shown that the BC (aa 181 and 184) and DE (aa 138-141) loops contribute to binding by H16.V5, with a few contact residues in the EF and HI loops. Furthermore, [@ref5] showed that L1 epitopes necessary for the generation of cross-neutralizing antibodies are present in the DE and FG loops. The type-specific nature of L1 nAbs is due the variation found within the L1 surface loops of different HPV genotypes ([@ref16]; [@ref12]). The exposed surface loops, e.g., BC and EF, show more sequence heterogeneity than the core loops, e.g., DE, seen from analysis of intra- and inter-genotype amino acid variability ([@ref6]). This variability is thought to be a mechanism in which the virus can avoid nAbs. Tyr^135^ and Val^141^ have also been shown to be critical for binding by mAb 26D1 ([@ref81]), further supporting the importance of the DE loop as a cross-neutralizing epitope. Substitution at position 131 thereby replaced regions of L1 in the DE loop that have been shown to be critical epitopes for binding by mAbs and cross-neutralizing antibodies. [@ref33] have recently shown that sequence replacement of HPV-5 L1 (aa 132-145) with HPV-17 RG1 (L2 aa 14-33) resulted in low type-specific neutralizing titers to HPV-5 and antiserum was not protective against PsV challenge *in vivo*. The authors postulated that replacement of the DE loop resulted in steric hindrance of the major HPV-5 L1 neutralization epitope(s). The four SAC chimeras (108-120, 65-81, 56-81, and 17-36) assembled into cVLPs, but showed low anti-L1 titers and low nAb titers in PBNAs, potentially as a result of the disruption of the abovementioned residues in the DE loop. Additionally, although SAE 65-81 was the only candidate vaccine that neutralized homologous HPV-16, due to the disulfide bonds between Cys^175^ and Cys^428^, residues 433-443 are less accessible ([@ref75]) and therefore presentation of the L2 peptides may not have been efficient to elicit anti-L2 antibodies.

In summary, all chimeric vaccine candidates were immunogenic. Only sera from cVLPs SAC 108-120, SAC 65-81, SAC 56-81 neutralized HPV-18 PsVs at 1:200 dilutions, with PsVs of HPV-11, HPV-16, and HPV-58 neutralized at very low dilutions in L1 PBNAs. Unexpectedly, antisera did not neutralize PsVs in L2 PBNAs, despite L2 being displayed on the L1 capsid. It is important to consider L1 neutralizing epitopes when determining the display position of L2 peptides. Although L2 substitutions did not seem to drastically affect the assembly of cVLPs, misassembled or disrupted VLPs expose epitopes with limited HPV type specificity ([@ref20], [@ref19]). This study highlights the importance of particle assembly, peptide presentation, and yield -- factors that need to be further investigated to achieve success with next-generation HPV vaccines that elicit potent anti-L1 and anti-L2 nAbs against oncogenic HPV types.
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###### 

Characterization of cVLP epitope display by indirect ELISA. Binding of monoclonal and polyclonal antibodies to HPV-16 L1:L2 cVLPs and HPV-16 L1 VLPs under denaturing conditions were analyzed in triplicate using conformational neutralizing mAbs H16.V5 **(A)**, H16.E70 **(B)**, H16.U4 **(E)**, H16.9A **(F)**, linear neutralizing mAb H16.J4 **(G)**, non-neutralizing mAb Camvir-1 **(C)**, mAb to L2 peptide 108-120 (L2-4B4) **(H)**, and polyclonal anti-L2 serum **(D)**. Error bars indicate standard deviation.

###### 

Click here for additional data file.

###### 

Anti-L2 western blots using pooled mouse sera. HPV-16 L2 protein was probed with pre-bleed (PB) or final bleed (FB) sera at 1:2000 from the 8 vaccine groups. A band at 80 kDa is expected for L2 protein. Labels: M, molecular weight marker (kDa); +, L2 positive control detected with anti-His mAb (1:2000).

###### 

Click here for additional data file.
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